2+ homeostasis is fundamental to regulation of mitochondrial membrane potential, ATP production, and cellular Ca 2+ homeostasis. It has been known for decades that isolated mitochondria can take up Ca 2+ from the extramitochondrial solution, but the molecular identity of the Ca 2+ channels involved in this action is largely unknown. Here, we show that a fraction of canonical transient receptor potential 3 (TRPC3) channels is localized to mitochondria, a significant fraction of mitochondrial Ca 2+ uptake that relies on extramitochondrial Ca 2+ concentration is TRPC3-dependent, and the up-and down-regulation of TRPC3 expression in the cell influences the mitochondrial membrane potential. Our findings suggest that TRPC3 channels contribute to mitochondrial Ca 2+ uptake. We anticipate our observations may provide insights into the mechanisms of mitochondrial Ca 2+ uptake and advance understanding of the physiological role of TRPC3. 
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M itochondrial Ca
2+ uptake is critical for regulation of numerous cellular processes, including energy metabolism and cytosolic Ca 2+ homeostasis. Mitochondria undergo rapid changes in matrix Ca 2+ concentration ([Ca 2+ ] mito ) on cell stimulation to affect aerobic metabolism and cell survival (1) (2) (3) (4) . Mitochondrial Ca 2+ buffering also shapes the amplitude and spatiotemporal patterns of cytosolic Ca 2+ concentration ([Ca 2+ ] cyt ) changes (5, 6) . Mitochondrial calcium uniporter (MCU) has been shown to affect mitochondrial Ca 2+ uptake (7, 8) . However, mitochondrial Ca 2+ uptake remains evident when MCU is down-regulated (7, 8) , suggesting that other routes responsible for its Ca 2+ uptake might exist. Transient receptor potential (TRP) channels have emerged as important cellular sensors, and although many TRP channels are expressed on the plasma membrane, some members of the TRP channel proteins are also found in the intracellular organelles such as endoplasmic reticulum (ER), secretory vesicles, granules, endosomes, and lysosomes (9) (10) (11) (12) (13) (14) . Recently, a proteomics study showed that canonical TRP 3 (TRPC3) interacts with a large number of mitochondrial proteins (15); we thus studied whether the TRPC3 protein localizes to mitochondria and plays a role in maintaining mitochondrial Ca 2+ homeostasis.
Results and Discussion TRPC3 Is Also Localized to Mitochondria. First, we examined the presence of TRPC3 in purified mitochondria prepared from rat liver and brain using the Percoll density gradient centrifugation, a method well established to obtain high purity mitochondria (16) . In both tissues, Western blotting showed that TRPC3, but not other members of the TRPC subfamily, including TRPC4, TRPC5, and TRPC6, were enriched in the mitochondrial fraction (Fig. 1A) . We used four anti-TRPC3 antibodies from different sources (Fig. S1A) , including a monoclonal anti-TRPC3 antibody generated in our laboratory (Fig. 1B) ; all of them detected TRPC3 in the mitochondrial fraction. Fig. 1B ]. The specificity of the anti-TRPC3 antibodies was verified and are shown in Fig. S1 B-D. The immunoreactivity of the TRPC3 protein was absent in the mitochondrial fraction and the whole homogenates isolated from the cerebellum of Trpc3 (Fig. 1B) . Further, TRPC3 immunoreactivity was also lost in cerebellum neurons from Trpc3 −/− mice (Fig. 1C) . The expression of other members of the TRPC family in Trpc3
−/− and WT mice was similar ( Fig. S1 E and F) .
To confirm the mitochondrial localization of the TRPC3 protein in intact cells, we examined the subcellular localization of TRPC3 by immunocytochemistry in HeLa cells using the anti-TRPC3 antibody. As shown in Fig. 1D , the endogenous TRPC3 protein was found in both the plasma membrane and the mitochondria. Double staining using the Mitotraker and the anti-TRPC3 antibody further revealed that in HeLa cells, about 44.4% of the total TRPC3 is localized to mitochondria. Similarly, 84.9% of HSP60 is localized to mitochondria. In contrast, only 17.6% of the immunostaining for β-actin, a cytoskeletal protein, is associated with mitochondria ( Fig. 1D; Fig. S2A ). The fraction of mitochondrial TRPC3 staining ranged from 28.4% to 56.4% of the total TRPC3 labels in different cells, including human embryonic kidney 293 (HEK 293) cells, Chang-liver cells, mouse embryonic fibroblast (MEF) cells, and hippocampal neurons ( Fig. S2 B and C) . Mitochondrial fractionation and proteinase K protection assay further showed that in rat liver cells, TRPC3 mainly localized to the inner membrane of mitochondria (IMM) (Fig. 1E) . We then performed immunoelectron microscopy using the antibody against TRPC3 on mouse cerebella. Gold particles were found on the inner mitochondrial membrane of WT, but not Trpc3 −/− , cerebella (Fig. 1F ). The number of gold particles per field on IMM in WT or Trpc3 −/− mice was 2.15 ± 0.79 or 0.13 ± 0.46, respectively. Similarly, the number of gold particles per field on all membrane structures in WT or Trpc3 −/− mice was 4.77 ± 0.68 or 1.71 ± 0.44, respectively. With heterologous expression, although most of the C-terminal myc-tagged TRPC3 (TRPC3myc) was localized to the plasma membrane (Fig. S2D) , a substantial level of the TRPC3myc proteins was also evident in the mitochondria. At similar total expression levels, the immunoreactivity of TRPC3myc associated with the mitochondrial fraction in HeLa cells was 13.0 ± 3.9-fold higher (n = 4) than that of TRPC4myc (Fig. S2E) . Together, these results suggest that, in addition to the plasma membrane, TRPC3 is also localized to mitochondria. −/− mice appeared normal, and their mitochondrial morphology was not different from that of the WT cells (Fig. S2F) −/− mice ( Fig. 2A ; Fig. S3A ). By contrast, histamine-induced mitochondrial Ca 2+ elevation in HeLa-TRPC3 was markedly enhanced ( Fig. 2B; Fig. S3B ).
The Ca 2+ influx through plasma membrane TRPC3 may contribute to cytosolic Ca 2+ elevation and subsequent mitochondrial Ca 2+ uptake. To distinguish the effect of plasma membrane TRPC3 and mitochondrial TRPC3 on mitochondrial Ca 2+ uptake, we stimulated MEF and HeLa cells in the absence of extracellular Ca
2+
. As shown in Fig. 2C and Fig. S3C , under this condition, the mitochondrial Ca 2+ uptake remained evident ] mito changes normalized to that of control (WT, MEF, or HeLa) of three independent experiments with the total number of MEF cells, n = 30, control HeLa and HeLa-TRPC3 cells, n = 186. *P < 0.05, **P < 0.01.
in WT MEF
−/− MEF cells, the mitochondrial Ca 2+ uptake in HeLa-TRPC3 showed a marked increase compared with control cells (Fig. 2D; Fig. S3D ). To further demonstrate the contribution of the mitochondrial TRPC3 to its Ca 2+ uptake, we permeabilized the plasma membrane with digitonin (10 μM) and then applied Ca 2+ to the permeabilized cells. As shown in Fig. 2E and Fig. S3E 
2+ signals in the HeLa-TRPC3 cells were significantly higher than those in the control cells ( Fig. 2F; Fig. S3F ). Further, in the HeLa-TRPC3 cells or the permeabilized HeLa-TRPC3 cells, in which MCU was down-regulated by siRNA and incubated with cyclosporine A to inhibit mPTP opening, the enhancement in mitochondrial Ca 2+ signals after histamine or Ca ] mito changes normalized to that of sc HeLa of four independent experiments with the total number of HeLa and HeLa-TRPC3 cells, n = 103. **P < 0.01, ***P < 0.001 vs. sc HeLa. treatment remained evident (Fig. 3 A-C) . Moreover, in the permeabilized Trpc3 −/− MEF cells, in which MCU was downregulated (Fig. 3D) , expressing TRPC3 greatly increased the mitochondrial Ca 2+ uptake (Fig. 3E) ] cyto changes normalized to CTRL of four independent experiments (Right) with the total number: CTRL, n = 58; WT-TRPC3, n = 50; E630K, n = 58; E630Q, n = 27. *P < 0.05, **P < 0.01 vs. CTRL, # P < 0. extramitochondrial media using Fluo-5N (19) . Liver mitochondria isolated from the WT littermates exhibited a higher ability to take up Ca 2+ from the medium than that from Trpc3 −/− mice. Moreover, the TRPC3-dependent mitochondrial Ca 2+ uptake was dependent on extramitochondrial Ca 2+ concentrations. With 10 μM Ca 2+ added to isolated liver mitochondria, Ca 2+ sequestration was similar between Trpc3 −/− and WT preparations (Fig. 4B ). However, with 50 and 100 μM Ca 2+ in the medium, Ca 2+ sequestration by mitochondria was substantially reduced for samples from Trpc3 −/− mice compared with the WT (Fig. 4 C and D) . These results suggest that TRPC3 is particularly relevant in mitochondrial Ca 2+ uptake when extramitochondrial Ca 2+ concentration is relatively high (≥50 μM). (23, 24) . To test whether TRPC3 channels affect mitochondrial membrane potential, we measured ΔΨ m using 5,5′,6,6'-tetrachloro-1,1',3,3′-tetrethyl benzimidalyl carbocyanine iodide (JC-1) and tetramethylrhodamine ethyl ester (TMRE), known as sensitive probes of changes in the ΔΨ m . As shown in Fig. 5 A and B by JC-1 staining, the resting ΔΨ m in Trpc3 −/− MEF cells was increased compared with that in WT MEF cells. Consistently, HeLa-TRPC3 cell mitochondria showed more depolarized ΔΨ m than those of control cells. Then, we measured ΔΨ m by TMRE in response to Ca 2+ stimulation. As shown in Fig. 5C , the reduction in ΔΨ m in Trpc3 −/− MEF cells, in response to Ca 2+ stimulation, was slower and to a lesser extent than that in WT MEF cells. The ΔΨ m of HeLa-TRPC3 mitochondria decreased faster and to a greater extent than that of control cells (Fig. 5D) . Together, these results suggest that TRPC3 channels play an important role in regulating the mitochondrial membrane potential in response to changes in extramitochondrial Ca 2+ levels. The results presented here reveal TRPC3 channels as a unique mitochondrial Ca 2+ uptake pathway. A fraction of the TRPC3 protein is localized to mitochondria and mediates mitochondrial Ca 2+ uptake when extramitochondrial Ca 2+ concentrations are relatively high. TRPC3 channels appear to be important in regulating the mitochondrial membrane potential. It has been reported that the MCU regulates mitochondrial Ca 2+ uptake (7). However, silencing MCU did not abolish the mitochondrial Ca 2+ uptake (7), indicating that other routes are also responsible for its Ca 2+ uptake. We found that application of Ruthenium red, known as a putative MCU inhibitor, to the isolated liver mitochondria derived from the WT and Trpc3 −/− mice blocked all of the mitochondrial Ca 2+ uptake in both WT and Trpc3 −/− mitochondria. Indeed, Ruthenium red has been shown to inhibit TRP channels (25 -dependent manner (36) . Phosphitidylinositol-4,5-bisphosphate (PIP 2 ) and phospholipase C (PLC) are located in mitochondria (37, 38) . It is also possible that the activation of mitochondrial TRPC3 involves the PIP 2 -PLC pathway. Furthermore, investigations on targeting of TRPC3 channels to mitochondria and the activation mechanisms of mitochondrial TRPC3 channels will expand our understanding on the membrane trafficking mechanisms of plasma membrane channel proteins and their specific roles in different intracellular localizations in physiological and pathological conditions.
Materials and Methods
More extensive descriptions can be found in SI Materials and Methods.
Isolation of Mitochondria. Mitochondria were isolated from adult rat or mouse liver and brain, respectively, by Percoll density gradient centrifugation following the method described previously (16 (19) . See SI Materials and Methods for details.
Statistical Analysis. All data were expressed as the means ± SEM. Data were analyzed using the SPSS 11.5 software. The means between two groups were analyzed by either paired or unpaired t tests. ANOVA followed by a post hoc least significant difference test was performed for statistical comparison of several groups. Significance was taken at P < 0.05.
